Purpose. The aims of this work were: (i) to profile and compare pelvic and cervical microbiota from patients with pelvic inflammatory disease (PID); (ii) to test the ascending infection hypothesis that the microbes in the vagina or cervix spread to the upper genital tract and cause PID.
INTRODUCTION
Pelvic inflammatory disease (PID) is a microbial infectioninduced inflammation of the female upper reproductive tract, including the endometrium, fallopian tubes, ovaries and pelvic peritoneum, and has a wide range of clinical manifestations [1] . In the most severe form of PID, tuboovarian abscesses may lead to fatal consequences, such as multiple organ failure and septicopyaemia, and has a high mortality rate of 20 % when the pus is not drained in a timely manner [2, 3] . Moreover, long-term complications such as infertility, ectopic pregnancy and chronic pelvic pain can result in serious damage to the female reproductive system. The population with PID is large: in the USA, one million or more women develop PID annually [4] whereas in China, only 10.1 % of outpatients in gynaecological clinics were diagnosed with PID [5] .
Because PID is usually secondary to a sexually transmitted infection, there has long been an 'ascending infection hypothesis' that pathogenic microbes spread from the cervix or vagina to the upper reproductive tract and cause PID [6, 7] . To date, culturing for Chlamydia trachomatis and Neisseria gonorrhoeae has been considered an important additional criterion of PID diagnosis in many countries, including China. However, this approach has at least two serious faults. First, the majority of bacteria are too fastidious to be cultured given the limited media and growth conditions in a clinical laboratory. Second, PID may be a polymicrobial infection. As these two problems may seriously affect the diagnostic and treatment accuracy of PID and of other infectious diseases, such as bacterial vaginosis (BV), culture-independent methods are to be recommended.
In the last decade, 16S rRNA profiling based on next generation sequencing (NGS) has provided a revolutionary solution for the taxonomic identification of samples of complex microbial composition. This approach directly extracts DNA from the sample without culture and then amplifies and sequences a particular region of 16S rRNA gene. Because it addresses the issues of both culturing fastidious microbes and polymicrobial infections, the use of 16S rRNA profiling for clinical microbial diagnosis is now widespread. To date, 16S rRNA profiling has been widely used to study vaginal microbiota [8] [9] [10] , and the same methodology has also been applied to the pelvic microbiota of patients in the absence of signs of PID or vaginal inflammation [11] , which suggests that the pelvic environment is probably non-sterile. However, pelvic microbiota from PID cases has not been investigated. Here, we sequenced the microbiome of the pelvic mass collected from 38 PID patients with the aim of identifying and profiling PID-related bacterial pathogens. The cervical secretions from the same patients were also collected and sequenced for comparison to pelvic microbiomes.
METHODS

Patients and sample collection
The present study was performed from January 2014 to January 2017 in the Gynaecology Department of Women's Hospital affiliated with Zhejiang University in Hangzhou, China, with ethics committee approval. A total of 57 patients of reproductive age (18-50 years) were enrolled in this study, including 38 PID patients and 19 control patients. All patients were informed of the sampling procedures and risks; they agreed with all of the laboratory testings and gave written informed consent.
PID was diagnosed if the patient presented with cervical motion tenderness, uterine tenderness or adnexal tenderness [12] . A complete medical history and a detailed physical examination were conducted on admission. The number of leukocytes was evaluated with a complete blood count. C reactive protein was measured as a variable for infection severity. A sonographic examination was ordered for each patient to confirm a mass at the adnexal area (usually >5 cm). The 19 control patients were diagnosed with endometriosis, uterine fibroid or adenomyosis, and none manifested any symptoms of bacterial infection.
According to the reproductive needs and disease severity of different patients, salpingectomy or salpingo-oophorectomy was performed. All surgeries were carried out by the same medical group. Pelvic and cervical samples were collected from each patient during the operation. The pelvic samples were aspirated directly from fallopian tube or pelvis by syringe before further operative treatments, and were then preserved in sterile centrifuge tubes. For cervical samples, cervical mucus was removed twice with sterile saline cotton balls. Using a sterile cotton swab, cervical samples were collected directly from the cervical canal, near the internal orifice and approximately 3 cm above the external cervical orifice.
Diagnosis of pyosalpinx or hydrosalpinx was made by direct visualization of a pelvic mass during the operation: pyosalpinx was classified by samples consisting of pus that was turbid and viscous; hydrosalpinx was classified by samples consisting of fluid that appeared clear and flowed easily. In regard to the control group, laparoscopic surgery was performed for particular indications. At the very beginning of surgery, ascitic fluid was collected; this was normally the accumulation of a little fluid (3-5 ml) in the peritoneal or pelvic cavity, usually found in the pouch of Douglas. All samples were collected at room temperature, then immediately sent for cultivation and DNA extraction.
Microbe detection using the traditional culture method Fluid or pus in the fallopian tubes harvested from the surgery was cultured on non-selective blood agar and incubated at 35 C for 20-24 h. Both aerobic and anaerobic (6.0 % CO 2 ) cultures were performed for the pelvic samples. Cervical secretions were also collected from patients by swab and subjected to aerobic culture. Anaerobic culture was not used for cervical secretions due to the inevitable exposure to air during sample collection.
PCR amplification and sequencing of the 16S rRNA genes Total genomic DNA from samples was extracted using the PowerSoil DNA Isolation Kit (MO BIO Laboratories, Inc., USA). The V3-V4 region of the 16S rRNA gene was amplified using primers 341F (5¢-CCTACGGGNGGCWGCAG-3¢) and 805R (5¢-GACTACHVGGGTATCTAATCC-3¢), in which N was A/G/C/T, W was A/T, H was A/C/T and V was A/C/G [13] . All PCR reactions were carried out using a Phusion High-Fidelity PCR Master Mix (New England Biolabs, USA). The final volume of each sample was 30 µl, including 15 µl of Phusion Master 100 Mix reagent, 3 µl of each primer at a concentration of 2 µM, 2 µl (1 ng µl
À1
) of template DNA and 7 µl distilled water. Reactions were run with the following cycling parameters: 1 min denaturing at 98 C followed by 30 cycles of 10 s at 98 C (denaturing), 30 s at 50 C (annealing), 30 s at 72 C (elongation) and final extension at 72 C for 5 min. Normal saline was used as negative control for DNA extraction and PCR amplification to detect potential contamination.
Sequencing libraries were generated using a TruSeq DNA PCR-Free Sample Preparation Kit (Illumina, USA) following the manufacturer's protocol. The library was then sequenced on a MiSeq platform, and 300 bp paired-end reads were generated. Data generated from this study were deposited in the NCBI GenBank database under project number PRJNA361427.
Data analysis
The paired-end reads were merged using FLASH [14] . Quality filtering was performed using QIIME v1.9.1 with the following criteria: (i) trimming the sequence at the first low-quality base pair of consecutive low quality (threshold value 19) with a maximum length of 3; and (ii) filtering the reads with consecutive high-quality read length <75 % [15, 16] . Chimeric sequences were detected and removed by comparison to the Gold database using the UCHIME algorithm [17, 18] . At least 20 000 clean reads per sample were available for subsequent analyses.
Operational taxonomic unit (OTU) clustering was performed using UPARSE v8.1.1861 [19] . The clean sequences with !97 % similarity were assigned to the same OTU. For each representative sequence, the GreenGene Database was used to annotate taxonomic information based on the RDP classifier algorithm [20, 21] . To mitigate bias due to differences in sequencing depth, OTU abundance was normalized using single_rarefaction.py in QIIME V1.9.1, corresponding to the sample with the fewest sequences. This normalization process was repeated 100 times, and the average was obtained to represent the final OUT abundance. Non-metric multi-dimensional scaling analysis was performed using the vegan package v 2.4-3 in R software.
RESULTS
Culture-based identification of pelvic and cervical organisms A total of 57 women, 38 PID and 19 control patients, were enrolled in this study and received surgery. The two groups showed no significant differences in terms of age, medical and surgical history, gravidity and parity history, birth control measurements and sex partner numbers.
Only six pelvic samples in the PID group showed positive culture results. In contrast, 14 cervical samples grew Lactobacillus and another seven cervical samples in this group were positive for other bacteria (Table 1) . In regard to the control group, all 19 pelvic samples resulted in negative cultures under both aerobic and anaerobic conditions whereas 16 out of the 19 cervical secretions in this group exhibited positive results ( Table 2 ).
The culture results of pelvic and cervical samples in the PID group did not correlate with each other (Tables 1 and 2 ). Only one PID patient presented with E. coli in both of her samples, while the other five pelvic-positive patients were all negative or yielded Lactobacillus in their cervical samples.
16S rRNA profiling of pelvic microbiota A far more informative profile of pelvic microbiota was established using the NGS-based approach, which divided the pelvic samples into two categories. The first category referred to those cases in which the microbiota was dominated by a single organism. Here, we defined the dominant organism as that possessing >90 % of the total NGS reads. In the PID group, 19 of the 38 pelvic samples were grouped into this category with the dominant organisms being Acinetobacter (11/19), Escherichia (2/19), Sneathia (2/19), Streptococcus (2/19), Bacteroides (1/19) and Mycoplasma (1/19). The second category consisted of the other 19 pelvic samples, which showed more diverse microbial compositions and were therefore classified as polymicrobial infections. Despite a higher diversity than the first category, the following organisms were more commonly detected than others in the second category, as they appeared in at least five samples in which they accounted for at least 5 % of the NGS reads: Acinetobacter (16/
The NGS-based microbiota was partially consistent with the culture results ( Table 1 ). For example, in samples 8P, 11P, 21P and 22P, the bacteria identified using the culture method were exactly the same as the dominant organisms identified by NGS. In samples 27P and 29P, however, the organisms detected by the two methods were completely different.
The 38 PID patients were further divided into 15 pyosalpinx and 23 hydrosalpinx cases according to the pelvic mass collected at surgery. Clinically, the former were relatively more severe and acute whereas the latter were milder or included those patients suffering the sequelae of acute PID. The NGS results showed that the hydrosalpinx samples were richer in bacterial composition, whereas the pyosalpinx samples were more likely to be dominated by a single organism (Figs 1a  and 2a) .
NGS was not performed on the control group because no PCR amplicons were obtained from these pelvic samples.
16S rRNA profiling of cervical microbiota Similar to the pelvic samples, the cervical samples could also be divided into those in which the microbiota was dominated by a single organism (12/38 in the PID group; 7/19 in the control group) and those with a polymicrobial composition (26/38 in the PID group; 12/19 in the control group; Fig. 1b, c) . In the PID group, Lactobacillus dominated 11 samples and was also present in 14 out of the 26 polymicrobial samples, in which it accounted for at least 5 % of the NGS reads (Table 1) . Gardnerella dominated one cervical sample and appeared in seven polymicrobial samples (>5 % of NGS reads). Other organisms commonly found in the cervical samples included Acinetobacter (7/38), Shewanella (6/38), Pseudomonas (5/38) and Aeromonas (5/38) (>5 % of NGS reads in at least five samples). In the control group, Lactobacillus and Gardnerella dominated six and one samples, respectively ( Table 2 ). The two organisms also appeared in seven and nine out of the 12 polymicrobial samples, respectively. Other organisms commonly found included Prevotella (3/19) and Streptococcus (4/19).
Except for Lactobacillus, which was reported as normal flora by the culture method, the NGS-and culture-based microbiota results were identical for only two cervical samples and were inconsistent in the other samples (Tables 1 and 2 ).
Correlation between pelvic and cervical microbiota As a whole, the pelvic and cervical microbiota of the PID group were similar in terms of both taxonomic richness and evenness, and both were more diverse than the cervical microbiota of the control group (Fig. 2b) . A non-metric multi-dimensional scaling (NMDS) analysis revealed that the three microbiota could be separated from one another based on their bacterial composition (Fig. 2c) . Lactobacillus, Acinetobacter, Gardnerella and Pseudomonas were the main organisms distinguishing the pelvic and cervical samples (Fig. 2d) , but no organism could be used individually as a biomarker to separate the cervical samples between the PID and control groups.
To test the ascending infection hypothesis, paired comparison between the pelvic and cervical microbiota for the PID group was performed. Only five patients showed a weighted UniFrac distance less than 0.5, which suggested a similar bacterial composition of their pelvic and cervical samples ( Fig. 3) . Furthermore, for only two of the 19 pelvic samples that were dominated by a single organism (20P, 21P), the dominant pelvic organism reached a proportion of >5 % in the corresponding cervical samples. These findings suggested that the pelvic and cervical microbiota were not consistent with each other for majority of patients.
DISCUSSION
In this study, we used 16S rRNA profiling to detect PIDassociated microbes. The results revealed a much more complicated microbial community than those derived from the traditional culture approach. We identified infections caused by single organisms and polymicrobial infections in the pelvic samples from PID patients. It has been reported that Neisseria gonorrhoeae and Chlamydia trachomatis are responsible for 16-75 % of PID cases in the USA [4] . However, these two organisms were rarely detected in our samples even with the NGS-based approach. Instead, Acinetobacter, Aeromonas, Pseudomonas and Shewanella were commonly isolated from PID patients. Although these compositional differences are probably not attributable totechnical flaws in previous studies but tovariation in ethnic groups, the findings in the present study suggested at least that sexually transmitted infections may not account for the majority of PID cases in China. Meanwhile, the PCR results for pelvic samples of the control group were all negative, demonstrating a relatively sterile pelvic environment in healthy women. However, this finding is inconsistent with a previous report which showed that Acinetobacter, Pseudomonas and several other organisms are commonly detected in women in the absence of PID or vaginal inflammation [11] . It is likely that the PCR conditions and/or measures taken to guard against contamination in this study were more stringent than those in previous studies.
The ascending infection theory postulates that microbes in the vagina or cervix spread to the upper genital tract and result in PID. Several studies have reported a similar bacterial composition between cervical secretion and pelvic pus [22] , which seems to provide strong evidence for the ascending infection theory. In contrast, we found that the pelvic and cervical microbiota conflicted in terms of both the organisms identified and their specific abundance, which suggests abandoning the conventional clinical practice whereby cervical swabs are used to determine the aetiological agents of PID. Nevertheless, we do not think that these results are in contradiction to the ascending infection theory. The cervix and pelvis represent two biological niches and exert different selective pressures on bacteria, which probably trigger transformation in the microbiota profile during the ascending migration of the bacteria. In addition, the vagina represents a complicated niche that allows for the survival and propagation of both beneficial bacteria (such as Lactobacillus) and opportunistic pathogens, such as Group B Streptococcus, Bacteroides, Enterococcus, Escherichia and Prevotella [9, [23] [24] [25] [26] . An imbalance of vaginal microflora, like an elevated level of species diversity, may cause BV, which is the most common genital opportunistic infection and affects up to one third of women in the US [27, 28] . In this study, the significant difference in cervical microbiota between the PID and control groups in terms of alpha diversity suggests that an imbalance of vaginal microflora may also cause PID.
This study is not devoid of limitations. First, the small sample size of this study renders it inadequate to represent the whole Chinese population. Second, when use of NGS technology profiled complete pelvic microbiota, we obtained only the bacterial composition and failed to develop an approach for quantifying the bacterial load in the pelvic samples. However, such information is important in assessing the severity of PID. For example, the pus found in pyosalpinx is expected to contain many more microbes than the fluid in hydrosalpinx, and inflammation in pyosalpinx is much more severe than in hydrosalpinx. Inability to quantify the results stems partly from the lack of a standardized protocol for sampling pelvic secretions during surgery. Such a standard protocol is therefore urgently required for the implementation of NGS technology for PID diagnosis in the near future.
In conclusion, we adopted the NGS-based method for the first time to establish a microbial diagnosis of PID. A much more informative profile of the pelvic microbiota was identified compared to that revealed by traditional culture technology. Meanwhile, we found a significant variation in bacterial composition between the pelvic and cervical samples, suggesting that therapeutic decisions based on cervical microbiota may lead to antimicrobial misuse.
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